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Abstract 

The purpose of this study was to investigate force variability generated by both the paretic and non-paretic hands during 
bimanual force control. Nine chronic stroke individuals and nine age-matched individuals with no stroke history performed 
a force control task with both hands simultaneously. The task involved extending the wrist and fingers at 5%, 25%, and 50% 
of maximum voluntary contraction. Bimanual and unimanual force variability during bimanual force control was determined 
by calculating the coefficient of variation. Analyses revealed two main findings: (a) greater bimanual force variability in the 
stroke group than the control group and (b) increased force variability by the paretic hands during bimanual force control in 
comparison to the non-paretic hands at the 5% and 25% force production conditions. A primary conclusion is that post 
stroke bimanual force variability is asymmetrical between hands. 
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Introduction 

Variability abounds when chronic stroke individuals attempt to 
control force production. Post stroke deficits in bimanual force 
control are common, especially in activities of daily living (e.g., 
buttoning a blouse/shirt or buttering a piece of bread). Movement 
variability arises from both bimanual and unimanual motor 
actions. However, bimanual variability does not equal the 
summation of variability from paretic and non-paretic hands. 

Previous bimanual force control studies demonstrated impaired 
capabilities post stroke [1—3]. Bimanual force variability, as 
indicated by the coefficient of variation (CV), produced by 
individuals in the chronic stage of recovery post stroke was greater 
than an age-matched control group [1,2]. Lodha and colleagues 
investigated bimanual variability by manipulating three levels of 
force output (e.g., 5%, 25%, and 50% of maximum voluntary 
contraction; MVC) [2,4]. Dissociating the force produced by each 
hand revealed an asymmetry between hands. The paretic hands 
produced less force than the non-paretic hands across the three 
force levels [2,4,5]. Moreover, the bimanual coordination findings 
indicated that the non-paretic hands regulated the combined 
bimanual force production via an increased time lag between 
hands [2]. Together, these findings suggested that the greater 
bimanual force variability post stroke may be attributed to 
decreased force output in the paretic hands as well as impaired 
function of the non-paretic hands. 

Unfortunately, the above explanations do not answer a critical 
stroke motor recovery question about bimanual movements: Does 
force control asymmetry between hands show up in force 
variability data? Even though previous unimanual force control 
studies reported higher force variability in the paretic hands than 



the non-paretic hands [3,6-8], no study has determined whether 
force variability between the two hands is different during 
bimanual force control. Moreover, brain imaging findings 
revealed that less cortical activity in the ipsilesional hemisphere 
increased force variability during unimanual paretic hand control 
[9] . Further, the deficits in bimanual force control post stroke are 
associated with unbalanced inter-hemispheric inhibition between 
hemispheres (e.g., greater inter-hemispheric inhibition in the 
contralesional hemisphere than the ipsilesional hemisphere) via 
callosal connections contributing to decreased cortical activity in 
the ipsilesional hemisphere [10,1 1]. Consequently, the unbalanced 
inhibitory and excitatory activities between hemispheres post 
stroke may induce asymmetrical force variability between hands 
during bimanual force control. Indeed, force variability asymme- 
try may interfere with bimanual force control. 

This knowledge is important because rehabilitation programs 
could structure their protocols with a clear understanding of 
bimanual force control as well as force variability. Earlier 
bimanual training focused on recovery of bimanual resultant 
function [12,13]. However, if force variability asymmetry causes 
impairments in bimanual coordination post stroke, then rehabil- 
itation goals should focus on minimizing the force variability 
asymmetry between hands. Thus, the primary purpose of this 
study was to investigate force variability produced by the paretic 
and non-paretic hands during bimanual force control to determine 
hand influences on bimanual force variability in chronic stroke. 
We hypothesized that the force variability produced by paretic 
hands would be greater than non-paretic hands during bimanual 
force control across force levels. Further, the greater force 
variability by the paretic hands than non-paretic hands would be 
associated with an increase in bimanual force variability. 
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Methods 

Ethics Statement 

The University of Florida's Institutional Review Board 
approved the protocol and informed consent form involved in 
this study. Prior to beginning testing, all participants read and 
signed an informed consent. 

Participants 

Volunteers included nine stroke individuals [mean age = 64.2 
years (SD= 18.8); 6 females and 3 males] and nine age-matched 
controls [mean age = 67.6 years (SD = 1 3.8); 3 females and 6 males] . 
Additional characteristics of the stroke group follow: (a) impaired 
hemisphere: 6 left and 3 right; (b) stroke type: 8 ischemic and 1 
hemorrhagic; (c) mean time since stroke = 4.6 years (SD= 4.4); and 
(d) mean hand function score on the Stroke Impact Scale (version 
3.0) =72.2 (£0=21.4) [14]. Three criteria for testing the stroke 
participants included: (a) unilateral stroke at least 6 months before 
starting testing; (b) voluntary movement from 80° of flexion to 1 0° of 
wrist extension; and (c) intact cognitive function (Mini Mental State 
Examination score >23) [15] . Exclusion criteria involved additional 
neurological or musculoskeletal disorders. 

Bimanual Force Control Task: Wrist and Fingers Extension 

Based on previous findings, a wrist and fingers extension task 
was used for the bimanual isometric force control at 5%, 25%, and 
50% of MVC [1,16]. Participants were seated 78 cm away from 
43.2 cm monitor (1024x768 pixels, 100 Hz refresh rate) and 
placed their left and right forearms on the table while maintaining 
shoulder flexion (15-20°) and elbow flexion (20^0°) in comfort- 
able positions. Each extended hand was placed under separate 
padded platforms (embedded with force transducers; MLP-75, 
Transducer Techniques, 4.16 x 1.27 x 1.90 cm, range = 75 lbs, 
0.1% sensitivity) and the height of each platform was adjusted 
based on each participant's hand thickness (Figure 1A). 

The bimanual force control task required participants to extend 
their wrist and fingers upward against the padded platforms. 
Before testing began, everyone performed three bimanual MVC 
trials. The mean values determined three submaximal target 
levels: 5%, 25%, and 50% of MVC. The force production level for 
each participant indicated the maximum level of combined 
bimanual force. During the 20 s bimanual force control task, 
participants tried to match their combined bimanual forces 
(summed forces produced by both hands) to each of the three 
randomly presented target levels (see Figure IB). 

Considering that more visual information decreased force 
variability, we normalized the amount of visual information across 
our three target force levels with a constant visual angle [17—19]. 
As seen in Equation 1, we manipulated the height of force 
fluctuation character for each force level [19,20]. The visual angle 
was set at a constant 1° across the force levels (Equation 2). 
Regulating the visual gain (pixels/N) maintained the constant 
visual angle (5% of MVC: 13 pixels/N and 25% and 50% of 
MVC: 8 pixels/N). Further, calculating the height of force 
fluctuation character involved six times each force standard 
deviation for each target level (5% of MVC: SD = 0.3 N and 25% 
and 50% of MVC: SD = 0.5 N). This standardized method is 
consistent with previous studies [19,20]. 

h\ = [(6 x SD)/(n of pixels on vertical axis/visual gain)] 

x height of vertical axis (1) 
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Figure 1. Bimanual force control task. (A) Wrist and fingers 
extension position. (B) Example of visual display during the task. (C) 
Representative force signals in the paretic and non-paretic hands at 
25% of MVC. 

doi:1 0.1 371/journal.pone.01 0181 7.g001 



Visual angle = 2 x tan l {h\/d) 



(2) 



hi indicates height of force fluctuation character and d (i.e., 
0.78 m) indicates a distance from monitor to eye level. 

A 15LT Grass Technologies Physio-data Amplifier System 
(Astro-Med Inc.) with an excitation voltage of 10 V and a gain of 
200 amplified the force signals. A 16-bit analog-to-digital 
converter (A/D; NI cDAQ;9172+NI 9215) collected the force 
signals at 100 Hz of sampling rate (minimum detected force 
unit = 0.00 16 N). A custom Lab VIEW program (National 
Instruments, Austin, USA) managed the bimanual force control 
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tasks. Offline analyses included a custom Madab program (Math 
Works Inc., Natick, USA). 

Data Analyses 

Initial force data analysis involved removing the first 5 s and last 
1 s from the original signals. Next, we eliminated noise in the force 
signals by submitting the middle 1 4 s of data for each trial to a 
bidirectional fourth-order Butterworth filter (cut off frequen- 
cy = 20 Hz). Finally, the force data were detrended to exclude any 
drift away from target levels [17]. 

Absolute measures (e.g., standard deviation and root mean 
square error) for force variability are not normalized by force 
production levels, and consequentiy, can be affected by an 
individual's ability to generate force production. To minimize 
the effect of the magnitude of forces on force variability, we 
calculated CV normalized by the level of force production. The 
CV values of the combined bimanual force (i.e., SD/mean force 
produced by two hands x 100) represented bimanual force 
variability. To quantify the CV produced by each hand during 
bimanual force control, we calculated the mean force produced by 
each hand: (a) paretic and non-paretic hands for the stroke group 
and (b) non-dominant and dominant hands for the control group. 
Representative force signals for the paretic and non-paretic hands 
are shown in Figure 1C. A two-way mixed design ANOVA 
(Group x Force Level: 2x3) analyzed the mean data for the CV of 
combined bimanual forces. For the CVs produced by each hand, 
we submitted the mean values to a three-way mixed design 
ANOVA (Group x Hand x Force Level: 2x2x3). Post hoc analyses 
followed Tukey-Kramer's procedure. 

Despite normalizing the CV by the level of mean force 
production, Sosnoff and Newell [21] reported that greater force 
variability can be affected by an impaired ability to generate force 
production. Thus, we determined mean force production between 
groups and two hands during the task. The mean force production 
by each hand was submitted to a three-way mixed design ANOVA 
(Group x Hand x Force Level: 2x2x3). 

A linear regression analysis was conducted to compare the force 
variability produced by each hand during bimanual force control 
to the bimanual force variability at the 5%, 25%, and 50% of 
MVC for the two groups. This analysis involved identifying an 
explanatory variable: the difference in CV for each group 
separately (i.e., CV by the paretic hands minus CV by non- 
paretic hands for the stroke group; CV by the non-dominant 
hands minus CV by dominant hands for the control group). 
Bimanual force variability was the dependent variable. 

A positive relationship (P>0) between the explanatory and 
dependent variables indicated greater force variability by the 
paretic hands (or non-dominant hands for the control group) than 
the non-paretic hands (or dominant hands for the control group) 
was associated with increased bimanual force variability and vice 
versa. In contrast, a negative relationship (P<0) revealed that less 
force variability by the paretic hands (or non-dominant hands for 
the control group) than the non-paretic hands (or dominant hands 
for the control group) was associated with increased bimanual 
force variability and vice versa. R measured the goodness-of-fit of 
the model [22]. For all statistical tests, alpha level was set at 0.05. 

Results 

Mean Force Production 

To determine whether the levels of force production between 
groups and hands differed, we performed a Group x Hand x Force 
Level (2x2x3) mixed design ANOVA on mean force production 
by each hand. The analysis did not reveal any differences in mean 



force production between groups or hands. The mean forces 
produced by each hand collapsed across force levels were: (a) 
paretic hands: M= 22.0 N (SE= 3.5); non-paretic hands: M = 26.5 
N (SE= 3.9) and (b) non-dominant hands: M= 29.6 N (SE= 4.3); 
dominant hands: M=27.0 N (t$E=4.1). These findings confirm 
that the level of mean force did not differ between groups or 
hands. 

Force Variability: Coefficient of Variation 

A two-way mixed design ANOVA on the bimanual force 
variability (CV) revealed two significant main effects: (a) group 
[F[l, 16) = 8.76; /> = 0.009; r| 2 = 0.35] and (b) force level [F[2, 
32) = 8.07; p = 0.001; if = 0.34]. The stroke group (M=4.0%; 
SE= 0.5%) showed significantly greater bimanual force variability 
than the control group (M=2.4%; SE=0.2%). Concerning the 
force level main effect, the bimanual force variability for the 5% 
condition (M— 4.2%; SE= 0.5%) was significantly greater than at 
the 25% condition (M=2.l%; SE-0.2%). 

Moreover, to determine force variability (CV) between two 
hands during bimanual force control, a three-way mixed design 
ANOVA on the force variability by each hand was performed. 
The analysis revealed a significant Group x Hand x Force Level 
(2x2x3) interaction [F[2, 32) = 6.71; /> = 0.004; if = 0.30; 
Figure 2]. Post hoc analyses indicated that force variability by 
the paretic hands in the stroke group was significantly greater than 
the non-paretic hands as well as the non-dominant and dominant 
hands in the control group at 5% and 25% of MVC. At 50% of 
MVC, the paretic and non-paretic hands showed significandy 
greater force variability than the non-dominant and dominant 
hands in the control group. In contrast, the control group showed 
similar force variability between the non-dominant and dominant 
hands across the three force levels. 

Bimanual Force Variability versus Asymmetrical Force 
Variability 

Determining the force variability contributions of each hand to 
bimanual force variability involved conducting a linear regression 
analysis on the three force levels for each group. Analysis of the 
stroke group's data revealed greater force variability (CV) in the 
paretic hands than the non-paretic hands. The greater force 
variability was associated with an increased bimanual force 
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Figure 2. Mean coefficient of variation produced by each hand 
during bimanual force control. (M±SE). Asterisk (*) indicates 
significant difference (p<0.05). 
doi:1 0.1 371/journal.pone.01 0181 7.g002 
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variability at the two lower force levels. For the 5% condition, the 
bimanual CV equation = 3.00 + 0.56 CV pare ti c -non- P aretic (p< 
0.001, r= 0.98, R 2 = 0.97; see Figure 3A). For the 25% condition, 



the bimanual CV equation =2.08 + 0.21 CVp aret j c _ non _p are ti c 
ip = 0.007, r= 0.82, R 2 = 0.68; see Figure 3A). Moreover, the force 
variability by the paretic hands was greater than the non-paretic 
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Figure 3. Regression models showing relationship between difference in force variability and bimanual force variability. Difference 
in force variability for each group (paretic minus non-paretic hands for stroke group and non-dominant minus dominant hands for control group) (A) 
For the stroke group, greater force variability by the paretic hands than the non-paretic hands was associated with increased bimanual force 
variability at 5% of MVC and 25% of MVC. (B) For the control group, less force variability by the non-dominant hands than the dominant hands was 
associated with decreased bimanual force variability at 50% of MVC. 
doi:1 0.1 371 /journal.pone.01 0181 7.g003 
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hands in 78% of the stroke participants at the 5% condition and in 
89% at the 25% condition. 

In contrast, most individuals in the control group produced 
similar force variability between hands at the two submaximal 
force levels. At the 50% condition, the control participants showed 
decreased bimanual force variability. The non-dominant hands 
force variability values were less than the dominant hands: the 
bimanual CV equation =2.15 + 0.69 CV non . d ominant- dominant 
(0 = 0.041, r=0.69, .ft 2 = 0.47; see Figure 3B). Moreover, seven 
out of nine control participants at the 50% condition, displayed 
force variability by non-dominant hands was less than the 
dominant hands. 

Discussion 

The purpose of this study was to investigate force variability 
generated by both the paretic and non-paretic hands during 
bimanual force control. Analyses revealed two primary findings: (a) 
greater variability of the combined bimanual forces in the stroke 
group versus the control group and (b) higher CV in the paretic 
hands than the non-paretic hands and the control group (non- 
dominant and dominants hands) at 5% and 25% of MVC. 

The greater bimanual force variability found in the stroke group 
than the control group is consistent with previous findings [1,2]. 
Moreover, new evidence from the current study revealed more 
impaired force control variability in the paretic hands than the 
non-paretic hands during bimanual force control (i.e., force 
variability asymmetry). A previous unimanual force control study 
revealed greater force variability in the paretic hands than the 
non-paretic hands [6] . Thus, force variability asymmetry between 
hands post stroke may occur regardless of movement conditions 
(e.g., unimanual and bimanual movements). Indeed, at 5% and 
25% of MVC force variability by the paretic hands was greater 
than the non-dominant and dominant hands in the control group. 
These findings indicate that the asymmetrical force variability 
between hands during bimanual force control is a predominant 
characteristic of motor impairments post stroke. 

Consistent with our hypothesis, regression analyses for the 
stroke group revealed that the greater force variability by the 
paretic hands than the non-paretic hands was strongly associated 
with an increase in bimanual force variability at the 5% and 25% 
of MVC. These findings support the supposition that bimanual 
force control is more affected by the paretic hands control than 
non-paretic hands at the submaximal target levels. Consequently, 
quantifying bimanual force control variability for the two lowest 
MVC conditions (5% and 25% of MVC) provides motor 
impairment evidence in the paretic hands as well as bimanual 
motor function [23]. 

Earlier bimanual stroke studies demonstrated less force 
production by the paretic hands than non-paretic hands and 
emphasized that restoring similar force production between the 
hands is an important goal in stroke rehabilitation [2,4]. In the 
present study, despite the relatively comparable forces produced 
between the hands, the force variability asymmetry during the 
bimanual force control task persisted in stroke survivors. A possible 
mechanism underlying force variability asymmetry with compa- 
rable force outputs between hands involves impairments in 
controlling neuromotor drive and noise. Massie and colleagues 
reported that force variability (CV) in paretic hands decreased 
after passive repetitive transcranial magnetic stimulation (i.e., 
receiving stimulation during relaxation) with a reduction in muscle 
activities [24]. However, the level of force outputs produced by the 
paretic hands did not change across test sessions. These findings 
indicate that an ability to modulate neuromotor drive and noise 



from the motor area may differentiate force variability modulation 
while participants are executing a constant force [24,25]. 
Moreover, earlier studies demonstrated that increased force levels 
did not directly reduce variability in motor outputs [26,27]. Thus, 
a reasonable suggestion is that when determining force production 
capabilities one should quantify force variability by the paretic 
hands during bimanual force control. 

Motor control performed by healthy individuals shows that one 
hand is not always equivalent to the other hand when executing 
bimanual movements. Brain imaging studies revealed that 
activation of motor areas in the dominant hemisphere was greater 
than in the non-dominant hemisphere [28,29]. The unequal 
amount of brain activity between hemispheres may cause 
asymmetrical motor control between hands [22,29,30]. These 
studies reported that a certain level of motor control asymmetry 
between two hands may exist during bimanual movements and 
positively influence bimanual coordination. However, as seen in 
stroke survivors, an excessive motor control asymmetry between 
two hands interfered with bimanual motor control. Perhaps, more 
unbalanced brain activity between hemispheres post stroke results 
in an asymmetrical force control between hands during bimanual 
force control [1 1]. Consequendy, the present findings indicate that 
minimizing force variability asymmetry between paretic and non- 
paretic hands during bimanual force control provides additional 
meaningful clinical information about progress toward motor 
recovery. 

For the 50% level of MVC task, force variability by the non- 
paretic hands increased as much as the paretic hands for the stroke 
group and the force variability by the paretic and non-paretic 
hands was greater than the non-dominant and dominant hands for 
the control group. Accumulated findings indicate that the higher 
target level may have increased compensation by the non-paretic 
hands in stroke survivors. However, given that stroke survivors 
typically have motor deficits on their ipsilesional side as well [31- 
33], force variability by the non-paretic hands in the stroke group 
was greater than the dominant hands in the control group. On the 
contrary, the control group successfully decreased bimanual force 
variability at 50% of MVC by increasing the role of dominant 
hands (i.e., less variability by the non-dominant hands than the 
dominant hands associated with reduced bimanual force variabil- 
ity). Thus, bimanual force variability at the higher force level 
appears to reflect impaired ipsilesional hand function post stroke. 

In conclusion, the current stroke study clearly revealed 
asymmetrical force variability between the two hands at 5% and 
25% of MVC. Moreover, the greater force variability by the 
paretic hands than the non-paretic hands increased bimanual 
force variability. These novel findings suggested that the impaired 
force control capability in the paretic hands during bimanual force 
control is a prominent characteristic of motor deficits post stroke. 
Moreover, the amount of bimanual force variability in stroke 
survivors reflects their paretic hand control capabilities at the 
lowest and medium target force levels. An extension of present 
study will investigate force variability produced by the paretic and 
non-paretic hands during unimanual and bimanual movement 
conditions to determine whether the asymmetrical force variability 
between two hands during bimanual movements is greater than 
during unimanual movements. 

Author Contributions 

Conceived and designed the experiments: JHC. Performed the experi- 
ments: NK. Analyzed the data: JHC NK. Contributed reagents/materials/ 
analysis tools: JHC NK. Contributed to the writing of the manuscript: JHC 
NK. 



PLOS ONE | www.plosone.org 



5 



July 2014 | Volume 9 | Issue 7 | e101817 



Bimanual Force Variability and Chronic Stroke 



References 

1. Lodha N, Naik SK, Coombes SA, CauraughJH (2010) Force control and degree 
of motor impairments in chronic stroke. Clin Neurophysiol 121: 1952-1961. 

2. Lodha N, Coombes SA, CauraughJH (2012) Bimanual isometric force control: 
asymmetry and coordination evidence post stroke. Clin Neurophysiol 123: 787— 
795. 

3. Lodha N, Misra G, Coombes SA, Christou EA, CauraughJH (2013) Increased 
force variability in chronic stroke: contribution of force modulation below 1 Hz. 
PloS One 8: c83468. 

4. Lodha N, Patten C, Coombes SA, CauraughJH (2012) Bimanual force control 
strategies in chronic stroke: linger extension versus power grip. Neuropsycho- 
logia 50: 2536-2545. 

5. Chang SH, Durand-Sanchez A, Ditommaso C, Li S (2013) Intcrlimb 
interactions during bilateral voluntary elbow flexion tasks in chronic hemiparetic 
stroke. Physiol Rep 1: eOOOlO. 

6. Lindberg PC, Roche N, Robertson J, Roby-Brami A, Bussel B, et al. (2012) 
Affected and unaffected quantitative aspects of grip force control in hemiparetic 
patients after stroke. Brain Res 1452: 96-107. 

7. Naik SK, Patten C, Lodha N, Coombes SA, CauraughJH (201 1) Force control 
deficits in chronic stroke: grip formation and release phases. Exp Brain Res 211: 
1-15. 

8. Blennerhassett JM, Carey LM, Matyas TA (2006) Crip force regulation during 
pinch grip lifts under somatosensory guidance: Comparison between people with 
stroke and healthy controls. Arch Phys Med Rehabil 87: 418-429. 

9. Massie CL, Tracy BL, Paxton RJ, Malcolm MP (2013) Repeated sessions of 
functional repetitive transcranial magnetic stimulation increases motor cortex 
excitability and motor control in survivors of stroke. NeuroRehabilitation 33: 
185-193. 

10. Stinear JW, Byblow WD (2004) Rhythmic bilateral movement training 
modulates corticomotor excitability and enhances upper limb motricity 
poststroke: a pilot study. J Clin Neurophysiol 21: 124-131. 

1 1. CauraughJH, Summers JJ (2005) Neural plasticity and bilateral movements: A 
rehabilitation approach for chronic stroke. Prog Neurobiol 75: 309-320. 

12- Sleimcn-Malkoun R, Temprado JJ, Thefenne L, Berton E (2011) Bimanual 
training in stroke: How do coupling and symmetry-breaking matter? BMC 
Neurol 11. 

13. Trlep M, Mihelj M, Munih M (2012) Skill transfer from symmetric and 
asymmetric bimanual training using a robotic system to single limb performance. 
J Neuroeng Rehabil 9. 

14. Duncan PW, Lai SM, Bode RK, Perera S, DcRosa J (2003) Stroke Impact 
Scale- 16: A brief assessment of physical function. Neurology 60: 291-296. 

15. Folstein MF, Folstein SE, McHugh PR (1975) "Mini-mental state". A practical 
method for grading the cognitive state of patients for the clinician. J Psychiatr 
Res 12: 189-198. 

16. Lang CE, Dejong SL, Beebe JA (2009) Recovery of thumb and finger extension 
and its relation to grasp performance after stroke. J Neurophysiol 102: 451-459. 



17. Baweja HS, Patel BK, Martinkcwiz JD, Vu J, Christou EA (2009) Removal of 
visual feedback alters muscle activity and reduces force variability during 
constant isometric contractions. Exp Brain Res 197: 35—47. 

18. ProdoehlJ, Vaillancourt DE (2010) Effects of visual gain on force control at the 
elbow and ankle. Exp Brain Res 200: 67—79. 

19. Vaillancourt DE, Haibach PS, Newell KM (2006) Visual angle is the critical 
variable mediating gain-related effects in manual control. Exp Brain Res 173: 
742-750. 

20. Kennedy DM, Christou EA (2011) Greater amount of visual information 
exacerbates force control in older adults during constant isometric contractions. 
Exp Brain Res 213: 351-361. 

21. SosnoffJJ, Newell KM (2006) Are age-related increases in force variability due to 
decrements in strength? Exp Brain Res 174: 86-94. 

22. Montgomery DC, Peck EA (1982) Introduction to linear regression analysis. 
New York: Wiley. 

23. Cauraugh JH, Lodha N, Naik SK, Summers JJ (2010) Bilateral movement 
training and stroke motor recovery progress: a structured review and meta- 
analysis. Hum Mov Sci 29: 853-870. 

24. Massie CL, Tracy BL, Malcolm MP (2013) Functional repetitive transcranial 
magnetic stimulation increases motor cortex excitability in survivors of stroke. 
Clin Neurophysiol 124: 371-378. 

25. Harris CM, Wolpcrt DM (1998) Signal-dependent noise determines motor 
planning. Nature 394: 780-784. 

26. Davids K, Bennett S, Newell K (2006) Human system variability. Champaign: 
Human Kinetics. 

27. BellewJW (2002) The effect of strength training on control of force in older men 
and women. Aging Clin Exp Res 14: 35-41. 

28. Maki Y, Wong KF, Sugiura M, Ozaki T, Sadato N (2008) Asymmetric control 
mechanisms of bimanual coordination: an application of directed connectivity 
analysis to kinematic and functional MRI data. Neuroimage 42: 1295-1304. 

29. Aramaki Y, Honda M, Sadato N (2006) Suppression of the non-dominant motor 
cortex during bimanual symmetric finger movement: a functional magnetic 
resonance imaging study. Ncurosciencc 141: 2147-2153. 

30. Inui N, Hatta H (2002) Asymmetric control of force and symmetric control of 
timing in bimanual finger tapping. Hum Mov Sci 21: 131-146. 

3 1 . Quaney BM, Perera S, Maletsky R, Luchies CW, Nudo RJ (2005) Impaired grip 
force modulation in the ipsilesional hand after unilateral middle cerebral artery 
stroke. Neurorehabil Neural Repair 19: 338—349. 

32. Wetter S, Poole JL, Haaland KY (2005) Functional implications of ipsilesional 
motor deficits after unilateral stroke. Arch Phys Med Rehabil 86: 776-781. 

33. Schaefer SY, Haaland KY, Sainburg RL (2009) Hemispheric specialization and 
functional impact of ipsilesional deficits in movement coordination and 
accuracy. Neuropsychologia 47: 2953-2966. 



PLOS ONE | www.plosone.org 



6 



July 2014 | Volume 9 | Issue 7 | e101817 



